In contrast to the single (211)/(020) peak for LiFePO4 in the blue pattern, two (211)/(020) major peaks appear in the red pattern, verifying the LiFePO4/Li0.6FePO4 two-phase mixture (see the powder diffraction data from a previous report by Chen et al.
Supplementary Figure 3.
Types of α′/α″ phase boundaries. {001} and {010} phase boundaries are identified during the investigation of more than 40 grains in a furnacecooled specimen. A pie diagram shows the statistical result, indicating that the majority of phase boundaries are along the {001} plane. As exemplified in each of the HRTEM images, the phase boundaries are coherent. 
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Supplementary Figure 7.
Variation of the shear displacement (Dxy) near the quadruple junction. As shown in the Dxy map superimposed on the HAADF-STEM image, relatively high coherency strain is locally confined near the quadruple junction. However, as the Dxy variation induced by the coherency strain within phase α′ is much smaller (less than 2%) than the difference in Dxy (~5%) between phases α′ and α″, the phase boundaries can be readily identified in the GPA map. The Dxy profile between locations A and B is plotted, verifying that the maximum variation is <2%. Therefore, the GPA can be efficiently utilized for determining the phase-boundary position in STEM images. Figure 8 . Force diagrams at multiple junctions. (a) Force equilibrium at a triple junction is illustrated. In addition to the three tensions, torque terms can contribute to the total force balance in a case where the tension values of the three interfaces have very strong dependency on inclination. The torque of each interface is exerted along the interface normal, as denoted by n1, n2, and n3, respectively. (b) These diagrams illustrate the quadruple junction in our study without consideration of phase-boundary bending, as already shown in the schematic illustration of Fig. 3a in the main text. Each diagram depicts the directions of four tensions (left) and of four torques (right) exerted upon the junction. The presence of unbalanced force components can be identified in both of the diagrams, demonstrating that this junction is not at equilibrium. , γ, and γ′ represent the twin-interface tension in α′ and α″ phases and the phase boundaries of the {001} and {010} planes, respectively. Although the coherency strain energy of the {010} boundaries is somewhat larger that that of the {001} boundaries, there is no high strain locally concentrated near the junctions, leading to an energetically more stable configuration.
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Supplementary Figure 12.
Wide field-of-view TEM and HRTEM images. This set of images shows the phase boundaries and the quadruple intersections in a furnacecooled specimen. The low-magnification image in the center provides a wide view of a grain having three parallel twin boundaries (white dotted lines). As specifically demonstrated in the HRTEM images in the upper panel, {001} phase boundaries form in regions II and IV, while {010} phase boundaries appear in regions I and III. Therefore, asymmetrical stripe morphologies, which are identical to those in Fig. 4c in the main text, are observed across each of the twin boundaries. The three HRTEM images in the lower panel consistently demonstrate the coherent lattice without local strain-induced black contrast at quadruple junctions along the twin boundaries. Figure 13 . Extra set of BF-TEM and HRTEM images for phase separation morphology. These images clearly show that the overall phase morphology varies considerably by crystal twinning. (a) Without a twin boundary, the lamellar-type phase separation takes place in every single grain along with the formation of {001} phase boundaries (yellow lines) as the lowest coherency strain-energy configuration. Therefore, such an energetically stable orientation of the {001} phase boundaries is not affected by any kinetic parameters including annealing and subsequent cooling rates. (b) As can be seen in Fig. 5 in the main text, the high coherency strain is inevitably induced around the quadruple junctions to satisfy the force balance condition when a twin boundary intersects with the {001} phase boundaries in a grain. If sufficient annealing time is given, the locally high strain field can be substantially relaxed by the formation of metastable {010} phase boundaries (purple lines), resulting in a distinct phaseseparation morphology that is not attainable without crystal twinning.
Supplementary
Supplementary Note 1. Phase diagram between LiFePO4 and Li0.6FePO4
On the basis of electrochemical delithiation reactions studied since 1997, many reports have shown that there is a miscibility gap between LiFePO4 and FePO4 at room 200°C in the LiFePO4/FePO4 system through high-temperature in situ X-ray diffraction 1 .
In particular, they clarified the stability of the Li0.6FePO4 phase even after 5 months, noting that neither very slow cooling nor long-term annealing at 100°C stimulated further phase change.
Samples used in this study were also verified to have a LiFePO4/Li0.6FePO4 two- Supplementary Fig. 2b schematically illustrates the resultant α′/α″ phase diagram, presenting a miscibility dome and a spinodal curve. During annealing of our two-phase specimen at 150°C, no substantial change in the stripe morphology could be observed, as seen also in the BF-STEM images of Supplementary Fig. 2c . Therefore, the LiFePO4/Li0.6FePO4 immiscible dome ranging from room temperature to ~280°C is reasonably supported.
The difference in each of the lattice parameters between LiFePO4 and Li0.6FePO4 is summarized below on the basis of the information provided in the previous report As can be seen, differences of less than ±1.5% are identified. Consequently, the formation of coherent phase boundaries is readily anticipated during temperature-driven phase separation. The unit cell of orthorhombic LiFePO4 is also illustrated along with a BF-TEM image showing the stripe morphology in Supplementary Fig. 2d .
Supplementary Note 2. Utilization of geometric phase analysis (GPA) for discrimination of the α′/α″ phases on HAADF-STEM images
In addition to mapping local displacement fields from high-resolution lattice images 6, 7 , geometric phase analysis (GPA) has been efficiently utilized to visualize the discrimination of nanoscale domains having slightly different lattice dimensions relative to each other 8, 9 . The two-dimensional displacement field, u(r), is obtained from the relative phase shifts Pg1(r) and Pg2(r) of a particular set of noncolinear Fourier components, g1 and g2 in the image, as follows;
where a1 and a2 are the lattice vectors in real space for g1 and g2, respectively. Therefore, the comparative displacements, including the uniaxial (Dxx and Dyy) and diagonal shear As shown in Supplementary Fig. 4a , the α′ and α″ phases in the present study are completely coherent across the phase boundaries with no substantial difference in the unit-cell dimensions (less than ±1.5% as explained in Supplementary Note 1) .
Consequently, the use of either Dxx or Dyy is not appropriate for phase discrimination and determination of a boundary position. In contrast, as the vertical axis of phase α″ inclines by 4.6° from that of phase α′ in the two-dimensional unit cell, sufficient variation in the shear component, Dxy, is provided to distinguish the two phases in STEM images. Supplementary Fig. 4b presents a Dxy map superimposed on a HAADF-STEM image. Phases α′ and α″ (dark blue and green) and their boundary (yellow line) are straightforwardly visualized in this map. As exemplified in the plot of Supplementary Fig. 4b , the Dxy deviation within a single phase is less than 0.6%, verifying the high accuracy of the boundary-position determination via GPA in STEM images.
Supplementary Note 3. Atomic structure of a {011} twin interface
In contrast to typical twins of mirror symmetry in many crystalline metals, LixFePO4 in this study is found to have "inversion twins" during the HAADF-STEM analysis. As already reported for CdS and ZnO crystals 10, 11 , twins with an inverted mirror reflection are identified. Their boundaries are along the {011} plane. The specific atomic structure of a {011} twin boundary is provided in Supplementary Fig. 5 .
Multiple twin boundaries mutually parallel to each other also can be observed during the HRTEM analysis.
Supplementary Note 4.
Utilization of geometric phase analysis (GPA) with
HAADF-STEM images containing a twin boundary
When a GPA is carried out for images of a quadruple junction containing a twin boundary, the selection of two noncolinear Fourier components, g1 and g2, is important.
To avoid the relative phase shift induced from the twin relation and extract the displacement field exclusively by the geometric variation between the α′ and α″ phases, it is necessary to select common Fourier components from both sides of twins. As can be seen in Supplementary Fig. 6a , the Bragg spots denoted by a red circle are common in both FFTs. Therefore, if the two reciprocal lattice vectors, g1 and g2, are taken, for example, as indicated by yellow arrows in the central FFT, the Dxy variation in the two phases can be acquired regardless of the presence of a twin boundary, thereby enabling the α′/α″phase discrimination. Supplementary Fig. 6b shows the Dxy map obtained from the g1 and g2 vectors in the FFT of Supplementary Fig. 6a , indicating the phase boundaries with red broken lines. Local variation of Dxy due to the high strain field by the phase-boundary bending is also recognizable around the quadruple point in this map.
Supplementary Note 5. Herring's relations at a multiple junction
When multiple interfaces intersect with each other at a static junction, they should be in force equilibrium. As generally known from Young equations, the sum of the interface tensions acting on a junction should be zero for force balance. Supplementary 
where ni is the unit boundary normal of the ith interface.
Supplementary Fig. 8b shows the present case of a quadruple junction, at which two α′/α″ phase boundaries (blue lines) and two different twin boundaries in phases α′ (gray line) and α″ (black line), respectively, intersect with each other. The schematic force diagrams illustrate the tensions (left) and the torques (right) of the four interfaces upon the quadruple junction without bending of the phase boundaries. As the α′/α″ phase boundaries are identical, their tensions and torques are equal to each other (γ2 = γ4 and T2 = T4). In addition, phases α′(LiFePO4) and α″(Li0.6FePO4) have the same structural LixFePO4 framework with a small misfit in lattice parameters. Therefore, the values of the twin-boundary tensions, γ1 and γ3 (and also the twin-boundary torques, T1 and T3), are not expected to be substantially different between α′ and α″. As represented in the force diagrams of Supplementary Fig. 8b , unbalanced force components both in γ along the ±y direction (left) and in T along the ±x direction (right) are recognized. It is thus apparent that different configurations between the boundaries are necessary in order to achieve local force equilibrium at the junction.
Although qualitatively represented, the force diagram in Fig. 3c of the main text, which is based on direct HAADF-STEM observations, clearly shows the balance between the interfaces tensions achieved by bending of the α′/α″ phase boundaries near the quadruple junction. As described in Supplementary Fig. 8a , torque is the force normal to the interface tangential tension. Thus, even if it is assumed that the influence of torques from the four interfaces is not negligible in our case, no force components of γ and T remain unbalanced against the Herring relations at the nearly cross-shaped quadruple intersection shown in Fig. 3c in the main text.
Supplementary Note 6. High coherency elastic strain energy at a junction
Based on the TEM observations, the elastic strain energy (Es) contour has been suggested, as depicted in Fig. 1d in the main text. The phase boundaries in red at a quadruple junction region in Supplementary Fig. 9a show a large deviation angle, 51°, from the {001} phase boundaries having the lowest Es. Although this Es contour is qualitative, the relatively larger coherency strain energy induced by the red phase boundaries, as indicated by a red arrow in Supplementary Fig. 9b , consistently supports the periodic presence of local black contrasts in Fig. 2d .
Supplementary Note 7.
Comparison between quenching and slow cooling cases As already shown in Fig. 5 in the main text, in order to meet the force balance at a quadruple intersection the formation of red phase boundaries with different orientations is inevitable. When a specimen is quenched to room temperature, the red phase boundaries at the junctions are at an angle of ~51° from the {001} plane, thereby inducing considerably high strain energy near the junctions (Supplementary Fig. 11a ).
In contrast, due to the formation of the new {010} phase boundaries during slow cooling, small-angle (less than 5°) bending of the red phase boundaries is necessary for force balance at the junctions. Consequently, no locally high strain energy is present near the junction regions in the slowly cooled specimen (Supplementary Fig. 11b ).
